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Abstract

Human epithelial 15-lipoxygenase-2 (h15-LOX-2, ALOX15B) is expressed in many tissues and
has been implicated in atherosclerosis, cystic fibrosis and ferroptosis. However, there are few
reported potent/selective inhibitors that are active ex vivo. In the current work, we report newly
discovered molecules that are more potent and structurally distinct from our previous inhibitors,
MLS000545091 and MLS000536924 (Jameson et al, PLoS One, 2014, 9, €104094), in that they
contain a central imidazole ring, which is substituted at the 1-position with a phenyl moiety

and with a benzylthio moiety at the 2-position. The initial three molecules were mixed-type,
non-reductive inhibitors, with 1Cgg values of 0.34 + 0.05 uM for MLS000327069, 0.53 + 0.04
UM for MLS000327186 and 0.87 + 0.06 pM for MLS000327206 and greater than 50-fold
selectivity versus h5-LOX, h12-LOX, h15-LOX-1, COX-1 and COX-2. A small set of focused
analogs was synthesized to demonstrate the validity of the hits. In addition, a binding model was
developed for the three imidazole inhibitors based on computational docking and a co-structure of
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h15-LOX-2 with MLS000536924. Hydrogen/deuterium exchange (HDX) results indicate a similar
binding mode between MLS000536924 and MLS000327069, however, the latter restricts protein
motion of helix-a2 more, consistent with its greater potency. Given these results, we designed,
docked, and synthesized novel inhibitors of the imidazole scaffold and confirmed our binding
mode hypothesis. Importantly, four of the five inhibitors mentioned above are active in an h15-
LOX-2/HEK?293 cell assay and thus they could be important tool compounds in gaining a better
understanding of h15-LOX-2’s role in human biology. As such, a suite of similar pharmacophores
that target h15-LOX-2 both /n vitro and ex vivo are presented in the hope of developing them as
therapeutic agents.

Introduction

Lipoxygenases catalyze the peroxidation of fatty acids that contain bisallylic hydrogens
between two cis double bonds, such as in linoleic acid (LA) and arachidonic acid

(AA).1 Lipoxygenases are named according to their product specificity with AA as the
substrate because AA is the precursor of many active lipid metabolites that are involved

in a number of significant disease states.2* The human genome contains six functional
human lipoxygenases (LOX) genes (ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B,
eLOX3) encoding for six different human LOX isoforms (h5-LOX, h12-LOX, h12R-LOX,
h15-LOX-1, h15-LOX-2, eLOX3, respectively).3 The biological role in health and disease
for each LOX isozyme varies dramatically, ranging from asthma (h5-LOX) to diabetes
(h12-LOX) to stroke (h15-LOX-1).2

The role of epithelial h15-LOX-2 (ALOX15B) is not as clear as those of the other isozymes.
h15-LOX-2 is expressed in macrophages, neutrophils, skin, hair roots, and prostate.>’

It is also highly expressed in atherosclerotic plaques and linked to the progression of
macrophages to foam cells, which are present in atherosclerotic plaques.? 7-11 Recent

data demonstrate that silencing the ALOX15B gene in human macrophages leads to
decreased cellular lipid accumulation, a major factor in foam cell formation and thus

plague accumulation.12 13 Furthermore, h15-LOX-2 mRNA levels are highly elevated in
human macrophages isolated from carotid atherosclerotic lesions of symptomatic rather than
asymptomatic patients'2 14 and its products have been shown to promote the formation of
atherosclerotic lesions in a mouse model.®

Additionally, h15-LOX-2 has been shown to play a central role in the “class switch” of
eicosanoid mediator biosynthesis from leukotrienes (LTs) to the anti-inflammatory and
specialized pro-resolving mediator class of lipoxins (LXs) in the airways. The Urbach

lab observed that the reduced expression level of h15-LOX-2 in the lower airways was
associated with a depressed LXA4/LTB4 ratio which contributed to cystic fibrosis (CF) lung
disease in children.16

Furthermore, the h15-LOX-2/PEBP1 complex has been demonstrated to be a regulator of
ferroptosis, with PEBP1 acting as a rheostat by changing h15-LOX-2 substrate specificity
from free polyunsaturated fatty acids (PUFA) to PUFA-phosphatidylethanolamines (PE),
leading to the generation of hydroperoxyeicosatetraenoic acid (HpETE) esterified into PE
(HpETE-PE).1” Accumulation of these hydroperoxy membrane phospholipids has been
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shown to cause ferroptotic cell death, which implicates h15-LOX-2 in neurodegenerative
diseases, such as Alzheimer’s, Parkinson’s and Huntington’s diseases.18

The role of h15-LOX-2 in atherosclerosis, cystic fibrosis (CF), and ferroptosis implicate
h15-LOX-2 as a potential therapeutic target for drug discovery, but currently, only

a few published inhibitors targeting h15-LOX-2 have been reported (Figure 1).
Nordihydroguaiaretic acid (NDGA), a redox inhibitor, has a potency of 11 uM,9 and

a 6,7-dihydroxyisoflavan (compound 27d) has an I1Csq = 8 uM, 1 but neither molecule

is selective towards h15-LOX-2. Two molecules previously discovered by our laboratory,
MLS000545091 (545091) and MLS000536924 (536924), do exhibit strong potency, as
well as selectivity for h15-LOX-2, with ICsq values of 2.6 and 3.1 uM, respectively.20
The observed micromolar potencies of these inhibitors in biochemical assays constitute
acceptable probe molecule criteria for h15-LOX-2 inhibition, but it is unknown if these
molecules potently inhibit h15-LOX-2 in cells, which would enable further interrogation in
advanced disease models. The lack of cellular activity investigations, as well as the dearth
of h15-LOX-2 inhibitor chemotypes, underscore the importance of discovering additional
inhibitors and determining their ex vivo activity so they could be used to probe the

role of h15-LOX-2 in atherosclerosis, cystic fibrosis (CF) lung disease and ferroptosis
models. Herein, we report the discovery and characterization of a novel chemotype that is
potent and selective against h15-LOX-2. In addition, there are currently no co-structures
of inhibitors bound to h15-LOX-2. In the current paper, we identify the chemotype
binding mode with computer docking models, a crystallographic co-structure, and hydrogen/
deuterium exchange (HDX) investigations, which provide proof-of-principle for future
structure-activity relationship (SAR)/drug design efforts to target h15-LOX-2.

Materials and Methods

2.1 Materials

2.2

All commercial fatty acids were purchased from Nu Chek Prep, Inc. (MN, USA). BWb70c
was purchased from Sigma/Aldrich Chemicals. Unless specifically mentioned, the inhibitors
were obtained from the NIH Molecular Libraries Small Molecule Repository (MLSMR):
(https://mli.nih.gov/mli/compound-repository/). All other chemicals were reagent grade or
better and were used without further purification.

Inhibitor Synthesis

General Methods for Chemistry—All air or moisture-sensitive reactions were
performed under a positive pressure of nitrogen with oven-dried glasswares. Chemical
reagents and anhydrous solvents were obtained from commercial sources and used as-is.
The purity of the compounds was greater than 95% and H and 13C NMR spectra were
recorded on a Bruker Avance II1 HD 500MHz NMR spectrometer. The novel inhibitors were
synthesized via the steps shown in Scheme 1.

Step 1. A mixture of required phenyl isothiocyanate (5 mmol) and aminoacetaldehyde
diethyl acetal (5 mmol) in toluene (10 mL) was stirred at room temperature for 1 h. To the
reaction mixture, conc. HCI (37 wt. % in water, 2.5 mmol) was added, followed by heating
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to reflux (bath temp. = 110° C) for 1-3 h. After evaporating the solvents, the residue was
treated with water and 1N NaOH (the pH was set to 8). The precipitates were collected
by filtration, washed with water and hexane/ether, and dried in a vacuum to give the
desired imidazole-2-thiol products, which were recrystallized from an appropriate solvent
(acetonitrile, methanol, or benzene) (yield: 43-53%).

Step 2. Imidazole-2-thiol product from step 1 (5 mmol) in acetone was placed in the flask
and potassium carbonate (15 mmol) was slowly added. The reaction was stirred under
nitrogen for 1 h and then benzyl bromide (7.5 mmol) in ethanol (10 mL) was added. The
reaction was heated to 80° C for 12 h. After removal of the solvent, the residue was purified
by normal phase silica chromatography (DCM/MeOH = 4/1) to get desired final product.
(yield: 60-69%)

1-(p-tolyl)-2-((4-(trifluoromethyl)benzyl)thio)-1H-imidazole (1): TH NMR (500 MHz,
CDCl3) 6 7.37 (d, 2H), 7.20 (d, 2H), 7.11 (s, 1H), 7.09 (d, 2H), 6.97 (s, 1H), 6.89 (d,

2H), 4.19 (s, 2H), 2.30 (s, 3H). 13C NMR (500 MHz, CD30D) 6141.8, 140.9, 138.5, 134.5,
129.8, 129.7, 129.2, 125.3, 122.8, 38.3, 21.2. HRMS m/z 348.0909 [M™ ] (calculated for
C1gH15F3N5S, 348.0908). See Supporting information, Figures S1-3.
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2-((4-fluorobenzyl)thio)-1-phenyl-1H-imidazole (2): *H NMR (500 MHz, CDCl5) & 7.34
(m, 1H), 7.34 (d, 2H), 7.15 (s, 1H), 7.10 (d, 2H), 7.09 (d, 2H), 7.03 (s, 1H), 6.83 (t, 2H),
4.20 (s, 2H). 13C NMR (500 MHz, CDCl3) & 162.1, 141.5, 137.0, 132.9, 130.6, 129.5,
129.2, 125.6, 122.5, 115.3, 38.0. HRMS m/z284.0780 [M™*] (calculated for C1gH13FN5S,
284.0783). See Supporting information, Figures S4-6.

CN

2-fluoro-5-(((1-phenyl-1H-imidazol-2-yl)thio)methyl)benzonitrile (3): 1H NMR (500
MHz, CDCl3) & 7.37 (m, 5H), 7.11 (s, 1H), 7.11 (m, 2H), 7.04 (s, 1H), 6.98 (s, 1H), 4.15 (s,
2H). 13C NMR (500 MHz, CDCl3) 6 161.4, 140.4, 136.9, 135.2, 133.3, 129.9, 129.3, 125.6,
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122.8, 116.5, 113.7, 101.5, 36.9. HRMS m/z309.0737 [M*] (calculated for C17H15FN3S,
309.0736). See Supporting information, Figures S7-9.

2.3 Protein Expression

h5-LOX,2! h12-LOX,22 h15-LOX-122 and h15-LOX-219 were expressed/purified as
published and ovine COX-1 and Ovine COX-2 isozymes being purchased from Cayman
Chemicals. Mouse 15-LOX-2 (m15-LOX-2) was expressed as follows. A plasmid containing
the N-terminal Hisg-tagged m15-LOX-2 gene under the control of a T7 promoter sequence
were transformed into Rosetta2 E. coli cells via heat shock.23 A colony was grown in 2 mLs
with Ampicillin/Chloramphenicol at 37° C for approximately 10 hours. The two mLs were
added to 50 mLs of Enpresso media in UltraYield flasks with Air-O-top seals, according to
the manufacturers instructions, and grown at 30° C for 24 hours. At this point, an Enpresso
“booster” tablet was added with 1 mM IPTG and the cells grown an additional 24 hours

at 20° C. Cells were harvested by centrifugation and lysed with a French pressure cell

in 35 mL of 25 mM HEPES, 150 mM NacCl, 0.1% Triton X-100 (pH 7.5). The lysate

was loaded onto a Ni-NTA column, washed with 3 column volumes of Buffer A (25 mM
HEPES, 150 mM NaCL (pH 7.5)), and eluted with a step-gradient of 25 mM HEPES, 150
mM NaCl, 250 mM imidazole (pH 7.5). For h15-LOX-1, h15-LOX-2 and h12-LOX, they
were also expressed as N-terminal Hisg-tagged proteins and purified via immobilized metal
affinity chromatography (IMAC) using Ni-NTA resin, as published.?21° The purity of each
protein was analyzed by SDS-PAGE and found to be greater than 90%. Human leukocyte
5-lipoxygenase was expressed as a non-tagged protein and used as a crude ammonium
sulfate precipitated protein, as published.2!

2.4 Lipoxygenase UV-Vis-based ICsq Assay

The initial one-point inhibition percentages were determined by following the formation of
the conjugated diene product at 234 nm (e = 25,000 M~cm™1) with a Perkin-Elmer Lambda
40 UV/Vis spectrophotometer at 25 uM inhibitor concentration. All inhibitors that showed
greater than 70% inhibition were investigated further to determine their 1Csq values. The
full 1C5q experiments were done with at least five different inhibitor concentrations. All
reaction mixtures were 2 mL in volume and constantly stirred using a magnetic stir bar at
room temperature (23°C) with the appropriate amount of LOX isozyme [h5-LOX (~ 200
nM); h12-LOX (~ 50 nM); h15-LOX-1 (~ 60 nM); h15-LOX-2 (~ 200 nM)]. The protein
concentrations are the total protein concentration; however, active protein concentration will
be significantly less due to incomplete metalation. Reactions with h12-LOX were carried
out in 25 mM HEPES (pH 8.0) 0.01% Triton X-100 and 10 uM AA. Reactions with the
crude, ammonium sulfate precipitated h5-LOX were carried out in 25 mM HEPES (pH
7.3), 0.3 mM CaCly, 0.1 mM EDTA, 0.2 mM ATP, 0.01% Triton X100 and 10 uM AA.
Reactions with h15-LOX-1 and h15-LOX-2 were carried out in 25 mM HEPES buffer

(pH 7.5), 0.01% Triton X-100 and 10 uM AA. The concentration of AA was quantitated

by allowing the enzymatic reaction to proceed to completion in the presence of soybean
15-LOX-1 (s15-LOX-1). ICgq values were obtained by determining the percent inhibition
at various inhibitor concentrations and plotting against inhibitor concentration, followed by
a hyperbolic saturation curve fit. The percent inhibition was calculated by comparing the
enzymatic rate of the control (DMSO) to the enzymatic rate with the respective inhibitor

Bioorg Med Chem. Author manuscript; available in PMC 2022 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tsai et al.

Page 7

present. The experiments used for generating the saturation curves were performed in
duplicate or triplicate, depending on the quality of the data. All inhibitors were stored at
-20 °C in DMSO.

2.5 Steady-State Inhibition Kinetics of h15-LOX-2

The steady-state equilibrium constants of dissociation for MLS000327069 (327069),
MLS000327186 (327186), MLS000327206 (327206) were determined by monitoring the
formation of the conjugated product, 15-HpETE, at 234 nm (e = 25,000 M~1cm™1) with

a Perkin Elmer Lambda 40 UV/Vis spectrophotometer. Reactions were initiated by adding
enzyme to a constantly stirring 2 mL reaction mixture containing 0.7 pM — 20 yM AA

in 25 mM HEPES buffer (pH 7.5), in the presence of 0.01% Triton X-100. Kinetic data
were obtained by recording initial enzymatic rates, at varied inhibitor concentrations, and
subsequently fitting the data to the Henri-Michaelis-Menten equation using KaleidaGraph
(Synergy) to determine Vinax (Umol/min) and K}y, (UM). The primary data were then

plotted in Dixon format using Microsoft Excel by graphing 1/v vs. [I] UM at the chosen
substrate concentrations. From the Dixon plots, the slope at each substrate concentration was
extracted and plotted against 1/[S] uM to produce the Dixon replots. The K. equilibrium
constant of dissociation was calculated by dividing K, / Vimax by the slope of the replot. To
obtain Kjy, 1/ Vinax Was divided by the y-intercept of the replot. Kj; and K;, are defined as
the equilibrium constant of dissociation from the catalytic and secondary sites, respectively.

2.6 Pseudo-peroxidase Assay

The pseudo-peroxidase activity of 327069, 327186, 327206 was determined with h15-
LLOX-2 on a Perkin-Elmer Lambda 40 UV/Vis spectrophotometer as described previously.24
13-HpODE was used as the oxidant and BWb70c as the positive control. The reaction

was initiated by addition of 20 uM 13-HpODE to 2 mL buffer (50 mM sodium phosphate
(pH 7.4), 0.3 mM CaCl,, 0.1 mM EDTA, 0.01% Triton X-100) containing 20 uM 327069,
327186, or 327206 and 200 nM h15-LOX-2. The reaction mixtures were constantly stirred
at 23 °C. The activity was determined by monitoring the decrease at 234 nm (product
degradation) and the percent consumption of 13-HpODE was recorded. More than 25%
13-HpODE degradation indicates redox activity of that particular inhibitor. The negative
controls used were: enzyme alone with the product, enzyme alone with inhibitor, as well

as inhibitor alone with the product. These formed a baseline for the assay, reflecting non-
pseudo-peroxidase dependent hydroperoxide product decomposition. To rule out the auto-
inactivation of the enzyme from pseudo-peroxidase cycling, the h15-LOX-2 residual activity
was determined by the addition of 20 UM AA at the end of each reaction. The initial rates
of the inhibitor and 13-HpODE were compared to the initial rates of inhibitor alone because
the inhibitor by itself inherently lowers the rate of oxygenation. Activity is characterized by
direct measurement of the product formation with the increase of absorbance at 234 nm.

2.7 Cyclooxygenase Selectivity Assay

Cyclooxygenase selectivity assay was performed as previously described.2> Approximately
3 g of either ovine cyclooxygenase-1 (COX-1, PTGS1) or human recombinant
cyclooxygenase-2 (COX-2, PTGS2) (Cayman Chemical) was added to buffer containing

Bioorg Med Chem. Author manuscript; available in PMC 2022 January 24.
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0.1 M Tris-HClI buffer (pH 8.0), 5 mM EDTA, 2 mM phenol, and 1 uM hemin at 37 °C. The
selected inhibitors, 327069, 327186, or 327206, were added to the reaction cell, followed by
a 5-minute incubation with either of the COX isozymes. The reaction was then initiated by
adding approximately 100 uM AA in the reaction cell, as indicated in the enzymatic protocol
(Cayman Chemicals). A Hansatech DWI oxygen electrode was utilized for data collection
and the consumption of oxygen was recorded. Indomethacin and the vehicle of inhibitor
(DMSO) were the positive and negative controls, respectively. The percent inhibition of the
enzyme was calculated by comparing the rates of O, consumption for experimental samples
(with inhibitor) to the rates of control samples (with DMSO).

2.8 Study of Inhibitors as Substrates

The inhibitors 327069, 327186, or 327206 were reacted with h15-LOX-2 to determine if
they act as substrates. All buffer conditions and the determination of each rate were identical
to the UV-Vis assay mentioned above (Methods section 2.4). 20 uM of each inhibitor was
reacted with h15-LOX-2 in 2-mL reaction mixtures in the absence of AA. Controls consisted
of DMSO (vehicle), 10 uM AA, and enzyme. All reactions were conducted on a Perkin
Elmer Lambda 40 UV/Vis spectrophotometer. No change of absorbance at 234 nm or 280
nm was observed for each reaction. Each reaction mixture was subsequently extracted and
analyzed via RP-HPLC using a Higgins HAIsiL analytical column. Solution A was 99.9%
ACN and 0.1% acetic acid; solution B was 99.9% H,O and 0.1% acetic acid. An isocratic
elution of 55%A:45%B was used in the HPLC analysis. Retention times and absorbance
spectra of each of the reactions were compared to spectra of the controls. Collectively, the
data from the UV-Vis experiments as well as the HPLC analysis confirm that these inhibitors
do not act as substrates to h15-LOX-2.

2.9 Virtual Screening of Novel h15-LOX-2 Inhibitors

Virtual screening software, Glide (version 8.7, Schrodinger Suite 2020 release 2), was

used to predict the binding modes of the ligands 327069, 327186 and 327206. The

structure of h15-LOX2 co-crystallized with a substrate mimic inhibitor (hydroxyethyloxy-
tri(ethyloxy)octane) was used in Glide docking (pdb id: 4NRE). Prior to docking, the protein
structure was subjected to a protein-preparation step (Schrodinger Inc). During this step,
appropriate bond-orders and atom types were set, hydrogen atoms were added, protonation
states of titratable residues such as His, Asp and Glu were adjusted, side chains of Asn,

GlIn, Thr and Tyr residues were optimized to make hydrogen bond interactions and, finally, a
short minimization of the whole protein structure was performed such that the heavy atoms
did not move beyond 0.3 A from their starting positions. During the protein preparation
step, we retained the co-crystallized ligand, the metal ion (Fe2*) and a water molecule that
coordinates to the metal ion. The structures of the ligands identified in this study were built
using the Edit/Build panel of Maestro software (version 12.4, Schrodinger Inc). They were
subsequently energy minimized using LigPrep software (Schrodinger Inc). The docking
process consisted of grid preparation and ligand-docking steps. After the protein-preparation
step, we removed the co-crystallized ligand from protein-ligand complex structure and used
its coordinates to define the docking-grid box center. Inhibitors were docked using the
standard-precision (SP) docking scoring function. Initial attempts to dock the inhibitors
using flexible-ligand rigid-receptor docking protocol, the docking program failed to identify
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docking poses free of steric clashes for all three inhibitors. Therefore, we decided to treat
both inhibitor and receptor flexibly by means of InducedFit docking, following our earlier
work in which we successfully docked the h15-LOX-2 inhibitors, MLS000545091 (545091)
and MLS000536924 (536924), after opening the active site using the InducedFit docking
(InducedFit Dock, Schrodinger Inc).2% During the InducedFit docking all residues in the
active site, other than the Fe3*, the water molecule, and the metal-coordinating His373,
His378 and His553, were treated flexibly. We took the protein model from the top ranking
InducedFit docking pose for 327069 and then docked all inhibitors using standard rigid-
receptor flexible ligand docking (Glide) with the standard-precision (SP) scoring function.

2.10 Co-Structure of h15-LOX-2 and Inhibitor

The loop mutant (LM) of h15-LOX-2 has amino acids 73-79 deleted (PPVLPLL) and was
previously cloned and described.23 Briefly, 15-LOX-2 LM is overexpressed in Rosetta 2
(DE3) cells in the pET Duet-1 vector with the £. coli yijgD gene after promoter 2. For the
catalytically inactive Mn2*-substituted h15-LOX-2, the bacterial culture was grown in M9
minimal media containing 0.4% (w/v) glucose, 1 mM MgSQy, 0.1 mM CaCl,, 100 ugmL™1
thiamine, 150 UM Mn(I1)(SO4),, and 0.2% (w/v) casamino acids. Enzyme was purified
with a 5-mL Co2*-HisTrap HP column installed on an AKTA FPLC (Cytiva, formerly

GE Healthcare Life Sciences). After the protein is bound, the column is washed with 20
column volumes (CV) of buffer A (20 mM Tris, 500 mM NaCl, 20 mM imidazole, pH 8.0)
and eluted with a 20-CV gradient with buffer B (20 mM Tris, 500 mM NacCl, 200 mM
imidazole, pH 8.0). Fractions are concentrated in Amicon Ultra-15 centrifugal filter units
with a 30-kDa cutoff. Protein is applied to a Superdex 200 10/300 GL column; monomer
and dimer peaks are collected and used separately for crystallization studies.

h15-LOX-2 LM Mn2*-substituted at 10 mg/mL with a cocktail of 500 pM of both inhibitors
545091 and 536924 was screened with sparse matrix screens from Hampton Research,
Rigaku Reagents, Qiagen, and Molecular Dimensions on a Gryphon liquid dispenser

(ARI). The condition of 20% Jeffamine M-2070 and 20% DMSO resulted in rod-like
crystals directly from the HTS conditions. Attempts at repeating conditions by hand were
unsuccessful. Jeffamine M-2070 is an industrial-grade reagent that was sold by Molecular
Dimensions and is no longer available for purchase.

The h15-LOX-2 LM crystals were directly looped from the HTS condition and plunged into
liquid N, for shipping. X-ray data were collected at the 24I1D-E beamline of the Northeastern
Collaborative Access Team at the Advanced Photon Source (Argonne National Laboratory).
XDS, pointless, and Scala were used via the RAPD processing suite of the Northeastern
Collaborative Access team. RAPD applies a resolution cutoff at CCy/, > 0.35.26 Molecular
replacement with h15-LOX-2 (4NRE) was performed in the Phenix program suite and two
molecules were placed in the asymmetric unit.2” Phenix.refine and coot were used for
refinement and manual model building. Phenix.elbow was used to generate restraints for the
small molecule inhibitors. Density consistent with an inhibitor is present in the active site
of both protomers in the asymmetric unit. However, given the similarity of the structures of
the two compounds, it is not possible to determine if there is a mixture of occupancy for

the inhibitors or a single inhibitor, and which orientation each inhibitor binds in the active

Bioorg Med Chem. Author manuscript; available in PMC 2022 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tsai et al.

Page 10

sites. Final refinements for each inhibitor positioned in the two possible binding modes in
the electron density for each chain are included in the table below. The electron density
clearly suggests that the inhibitor does not occupy a position in the metal coordination
sphere. A water molecule mediates an interaction in chain A between the ligand and the
metal. Real-space correlation coefficients and occupancies are provided in the final parallel
refinements for both inhibitors in each chain and each orientation (Table 1).

2.11 Hydrogen/Deuterium Exchange-Mass Spectrometry of h15-LOX-2

Aliquots of 15-LOX-2, purified from £. coli cultures as described previously,® were thawed
and were diluted 10-fold (5 pL into 45 pL) in 10 mM HEPES, 150 mM NaCl, pD 7.4 D,O
(99%D, Cambridge Isotope Laboratories) buffer (corrected; pD = pHyeaq + 0.4). Samples
were incubated randomly at 10 time points (0, 10, 20, 45, 60, 180, 600, 1800, 3600, and
7200 s) at 25 °C using a water bath. For each given temperature and mutant, the time points
(samples) were collected over the course of three to four days and randomized to reduce
systematic error. Each sample (from a unique time point) was prepared and processed once.
For the samples containing inhibitors, the inhibitor was added (20 uM final concentration) to
the protein stock solution (at least one minute) prior to D,O addition. The specific inhibitor
was also added to the D,O buffer at a final concentration of 20 uM prior to the exchange
experiment.

Upon completion of the designated incubation time, all samples were then treated
identically; the samples were rapidly cooled (5-6 seconds in a =20 °C bath) and acid
quenched (to pH 2.4, confirmed with pH electrode, with 0.32 M citric acid stock solution
[90 mM final concentration] at 0 °C). Procedures from this point were conducted near 4 °C.
Prior to pepsin digestion, guanidine HCI (in citric acid, pH 2.4) was mixed with the samples
to a final concentration of ca. 0.5 M. This solution contained DTT at the final concentration
of 5 mM. The addition of the reducing and chaotropic agents was necessary for obtaining
high coverage of the primary sequence (90-94%). 15-LOX-2 samples were digested with
pre-equilibrated (10 mM citrate buffer, pH 2.4), immobilized pepsin for 2.5 min. The peptide
fragments were filtered, and the pepsin was removed, using spin cups (cellulose acetate) and
by centrifugation for 10 seconds at 4 °C. Samples were flash-frozen immediately in liquid
nitrogen and stored at =80 °C until data collection.

Deuterated, pepsin-digested samples of 15-LOX-2 were analyzed using a 1200 series liquid
chromatography system (Agilent, Santa Clara, CA) that was connected in line with an LTQ
Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA), as described by
our laboratory previously (see Supporting Information for more details). Mass spectral data
acquired for HDX measurements were analyzed using the software, HDX WorkBench.28
The percent deuterium incorporation was calculated for each of these peptides, taking

into account the number of amide linkages (excluding proline residues) and the calculated
number of deuterons incorporated. The values were normalized for 100% D,0O and corrected
for peptide-specific back-exchange, HDX% = (observed, normalized extent of deuterium
incorporation {in percent})/(1-{BE/100}).2% 30 Back-exchange values ranged from 17 to
60%, for an average value of 36% (Supporting Information, HDX Table). The resulting data
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were plotted as deuterium exchange versus time using Igor Pro software (See Supporting
Information, HDX traces).

2.12 Inhibition of h15-LOX-2 in HEK293T cells

HEK?293T cells over-expressing h15-LOX-2 were grown in minimum essential medium
(MEM, Gibco) with 10% fetal bovine serum (FBS, Gibco), 2 mM glutamine (Sigma), 100
U/mL of penicillin/streptomycin (Gibco) and 640 ug/ml G418 sulfate (Fisher) as a selection
agent. Cells were harvested at 90% confluence with trypsin-EDTA (Gibco) and washed once
with MEM with 10% FBS. Cells were then washed with 0.1% glucose (Fisher) in PBS
(Gibco). Cells were then diluted in 0.1% glucose in PBS to a concentration of 1 million
cells/mL. Cells were treated with DMSO (0.2%) or inhibitor in DMSO and incubated at

37 °C for 20 min. Cells were then stimulated with 100 uM CaCl, (Sigma), 5 uM Ca
lonophore A23187 (Sigma), and 1 uM arachidonic acid (NuCheck) for 10 min at 37 °C.
Cells were then acidified to 40 uM HCI and snap-frozen in liquid nitrogen. Analysis of 15-
hydroxyeicosatetraenoic acid (15-HETE) was performed as described previously,3! with the
addition that MS/MS mil z transition 319.2—219 was used to measure 15-HETE. Leftover
cells from the inhibition assay were used to seed flasks and grew as well as untreated

cells. Additionally, a cell survival assay was performed, in which cells were treated with
0.2% DMSO, 10 uM inhibitor, or 20 uM inhibitor for 1 h. After incubation, the media was
replaced, and the cells were monitored daily to assess cell death.

3. Results and Discussion

3.1 Compound Identification and Inhibitor Potency

Previously, our laboratory reported the identity of two novel, potent and specific h15-LOX-2
inhibitors, 545091 and 536924, from our quantitative High Throughput Screening (qHTS) of
a 107,261 compound library using our LOX assay.20 Structurally, 545091 contains a 1,3,4-
oxadiazole heterocycle, while 536924 contains a 1,2,4-triazole ring. These two inhibitors
were discovered from manually screening the top 300 molecules of the qHTS using our
LOX assay which determined micromolar potencies (Table 2). In the current work, the

next top 600 molecules from the MLSMR were manually screened using our LOX assay,
and three additional inhibitors were discovered, 327069, 327186, and 327206. The newly
discovered molecules are structurally different from 545091 and 536924 in that they contain
a central imidazole ring, which is substituted at the 1-position with a phenyl moiety and with
a benzylthio moiety at the 2-position (Table 2). In our /n vitro LOX assay, 327069 inhibited
h15-LOX-2 with an I1Csq of 0.34 + 0.05 uM, 327186 had a potency of 0.53 + 0.04 uM and
327206 showed a similar potency of 0.87 + 0.06 uM.

3.2 Steady-State Inhibition Kinetics

Given that 327069, 327186, and 327206 exhibited potency against h15-LOX-2, their modes
of inhibition were probed utilizing steady-state inhibition kinetics. The formation of 15-
HpETE was monitored as a function of substrate and inhibitor concentration in the presence
of 0.01% Triton-X-100. Fitting the data for 327186 yielded mixed-type inhibition with a Kic
of 0.80 £ 0.05 uM and a K, of 4.0 £ 3 uM, which are defined as the equilibrium constants
of inhibitor dissociation from the enzyme and enzyme-substrate complex, respectively
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(Supporting Information, Figure S10). The steady-state inhibition kinetic experiments were
also performed for 327069 and 327206 (Table 3), with the inhibition constants of all three
molecules being comparable, as determined from their Dixon plots and Dixon replots. The
data demonstrate that all three inhibitors exhibit mixed inhibition against h15-LOX-2, with
the trends in the inhibition equilibrium constants being consistent with the 1Csq values
(Table 2).

3.3 Selectivity inhibition assay with human LOX isozymes, m15-LOX-2 and COX-1/2.

Once the potencies of the three newly discovered small molecule inhibitors against
h15-LOX-2 had been determined, their selectivity against LOX and COX isozymes was
investigated. All three molecules displayed high selectivity, at least 50-fold, for h15-LOX-2
versus h15-LOX-1, h12-LOX, h5-LOX, COX-1 and COX-2 (Table 4). In addition, these
inhibitors were tested against the m15-LOX-2, but unfortunately minimal activity was
observed, indicating limited usefulness in mouse models which target m15-LOX-2.

3.4 Pseudo-Peroxidase Activity Assay

To better understand the mechanism of inhibition between 327069, 327186, and 327206
and h15-LOX-2, the redox capability of the three molecules was investigated in a pseudo-
peroxidase activity assay. Although many LOX inhibitors in the literature exhibit redox
activity, they are not regarded as good therapeutics due to their tendencies for off-target
redox reactions. All three inhibitors were tested using the UV-Vis pseudo-peroxidase assay,
with the lack of degradation of 13-HpODE at 234 nm confirming that the inhibitors are not
redox-active (Table 4).

3.5 Substrate Activity of Inhibitor

To determine whether h15-LOX-2 can catalytically modify the inhibitors, 20 uM of each
inhibitor was reacted with h15-LOX-2 and the reaction monitored at 205 nm, 234 nm and
280 nm. An increase in absorbance at each wavelength was not detected indicating no
chemical reaction. To confirm these results, the reactions were extracted, dried under N,
and brought up in methanol for RP-HPLC analysis. No significant difference in spectra or
retention time was observed at 212 nm (Amax Of inhibitor), 234 nm or 280 nm, confirming
that 327069, 327186, and 327206 are not substrates to h15-LOX-2.

3.6 Structure/Activity Relationship (SAR) Study

A comprehensive SAR exploration is beyond the scope of this manuscript but will be
followed up in later manuscripts. Following the discovery of the new chemotype, a limited
SAR was performed to demonstrate the validity of the hits utilizing both syntheses of

the analogs and sourcing from commercial vendors (Supporting Information, Figure S11).
327069, 327186, and 327206 possess 3 different substituents at the para position of the
benzylthio moiety, a trifluoromethyl (327069), a bromo (327186), and an ethyl (327206)
moiety, all of which demonstrated comparable potency (Table 2). To probe the structure-
activity relationship further, we prepared additional analogs containing variations on the
benzylthio and A-phenyl moieties. From the aggregate data (Figure S11), we did not
observe a clear SAR trend from our limited structural modifications, though most of the
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similar analogs showed lower or comparable potencies to the original hits. Surprisingly,
analog 2 with a p-fluoro group showed no activity up to 100 uM. Likewise, ortho or

meta substitution in the phenyl ring (analogs 3-5) or extending the linker length (analog

6) drastically decreased the potency. A similar trend was observed for analogs 7-23 which
have drastic structural modifications in the form of bulkier groups, amides, or acids, possibly
due to disruption of the three-dimensional orientation of the molecules that can no longer
fit in the binding pocket. We performed only limited modifications in the A~phenyl region.
Gratifyingly, introducing a p-methyl to the A~phenyl ring (analog 1), slightly improved the
potency with an ICsy = 0.27 pM. In summary, we observed minor SAR effects and our
limited efforts on this chemotype indicated that major structural changes were not well
tolerated.

3.7 Computational Docking of h15-LOX-2 Inhibitors

In order to predict binding modes of 327069, 327206, 327186, 545091 and 536924, we
docked them using the method described above, and docking poses are shown in Figure

2 and Table 5. The inhibitors bind in the U-shaped active site, with the heterocyclic ring
occupying the pocket near the metal ion and both aromatic rings filling the hydrophobic
pockets on either side of the heterocycle. For all inhibitors, except 536924 and 545091,

the central heterocyclic ring makes a pi-stacking interaction with the side chain of His373
(Figure 2). The binding affinities predicted by the docking score (Glide SP) or MM-GBSA
energy (Table 5) correlate weakly with the narrow range of experimental 1Csq values,

with the inhibitors 327069, 327206 and 327186 ranking marginally better than 545091 and
536924.20 These docking poses demonstrate that the heterocyclic ring and the positions

of the substituents attached to the heterocyclic ring are different among these compounds.
Substituents attached at these carbon and nitrogen atoms, as found in 327069, 327206 and
327186, might facilitate the favorable pi-stacking interaction for these compounds with
F438.

3.8 Co-Structure of h15-LOX-2 and Inhibitor

The original crystallization condition of h15-LOX-2 required a detergent for high-resolution
structure determination.® The substrate-mimicking, competitive-inhibitor detergent,
octyltetraethylene glycol ether (C8E4), was bound in the active site described as a U-shaped
channel.32 An additional detergent molecule was revealed next to the catalytic domain near
helix-a2 (Ha2); it mediates crystal contacts. Attempts at utilizing these conditions for co-
inhibitor structural studies were fruitless due to the requirement of the C8E4 detergent. New
crystallization conditions were screened for a loop mutant of 15-lipoxgenase-2 (h15-LOX-2
LM), with amino acid residues 73-79 being deleted (PPVLPLL).33 In the structure of the
wildtype enzyme the hydrophobic loop projects from the B-barrel domain and hinders access
to the active site of a neighboring promoter in the crystal lattice. Data suggest that peripheral
insertion of this loop into the bilayer is the primary membrane-binding determinant for
Ca?*-signaling and targeting.33 A cocktail of inhibitors 545091 and 536924 was used

in the crystallization trials of h15-LOX-2 LM substituted with MnZ*. This h15-LOX-2

LM substituted with Mn2* showed no kinetic activity, as despite the fact that the metal
coordination is equivalent in the substituted enzymes, the enzymes are inactive. Crystals
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grew in our high-throughput screening (HTS) effort in conditions of 20% DMSO and 20%
Jeffamine M-2070. Rod-shaped crystals directly from the HTS condition were flash-frozen
and x-ray diffraction data were collected. The protein crystallized in space group C2 and
data was collected to 2.4-A resolution (Supporting Information, Table S1). Two monomers
were positioned in the asymmetric unit of the search model h15-LOX-2 WT (4nre.pdb).
According to the macromolecular interface tool PISA (Proteins, Interfaces, Structures and
Assemblies), this interface is significant and could represent the dimer observed in size-
exclusion chromatography.34

Additional electron density IFo-Fcl near the active site metal was resolved after subsequent
refinement (Supporting Information, Figure S12). The different inhibitors were modeled and
refined in parallel refinements in the density near the active site metal. However, we are
unable to unambiguously identify which inhibitor(s) is(are) present. Real-space correlation
coefficients for inhibitor 536924 (0.88 CC and 0.89 CC) in both chains correlate to a higher
degree versus inhibitor 545091 (0.79 CC and 0.82 CC). We can, however, unambiguously
state that the inhibitors bind in the U-shaped channel and do not directly interact with the
active-site metal (Figure 3). Additionally, a water molecule that occupies the open sixth
position of the octahedral-coordinated Fe2* in the wildtype structure was observed in chain
A of the crystal structure of the Mn2*-substituted h15-LOX-2 LM (Supporting Information,
Figure S13). When inhibitor 536924 is placed in the electron density near the metal, the
sulfur of the inhibitor forms an H-bond with the Mn2*-coordinated water and His 373. All
other potential interactions of inhibitors in the crystal structures share only van der Waal
contacts in the U-shaped pocket defined by lle 412, Phe 365, Thr 431, and Leu 420, which
positions the targeted pentadiene of AA for hydrogen atom abstraction. The crystal structure
validates many key findings of the docking experiments including water-mediated binding
of the inhibitor to the metal coordination sphere near the imidazole heterocycle, and the
aromatic structures of the inhibitors positioned on opposite ends of the U-shaped channel.
The minimal differences of the atomic positions of amino acids in the original wild-type
structure of h15-LOX-2 bound to the detergent C8E4 and our new structure of h15-LOX-2
LM co-crystallized with a cocktail of inhibitors (7laf.pdb) further validate and justify the /in
silicorigid-body docking strategy performed.

3.9 Hydrogen/Deuterium Exchange Mass Spectrometry of h15-LOX-2

Hydrogen/deuterium exchange mass spectrometry (HDX-MS) is often utilized to assess

the effects of binding small molecule effectors, regulators, and inhibitors on protein
conformational flexibility.2% 35-39 Therefore, it offers an incisive high-throughput technique,
complementary to the high-resolution X-ray crystal structures solved with inhibitors bound,
to screen inhibitors and to resolve their impact on protein structure and flexibility. In

the specific case of lipoxygenases, allosteric effectors and substrates have been shown

to influence the HDX properties of both soybean lipoxygenase-1 (SLO-1)*0 and human
15-LOX-2.41

Herein, we sought to examine the impact of the isozyme selective inhibitors, 536924 which
was characterized previously,20 and 327069 which is described in this report. Tandem MS
analysis of pepsin-generated peptides of 15-LOX-2 identified 242 peptides corresponding
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to 94% coverage of the primary sequence. This represents a significant increase in primary
sequence coverage from the previous report of 72%.4! For data reduction purposes, 44
non-overlapping peptides, ranging from 5 to 25 amino acids (average length, 12), were
selected for HDX-MS analysis. The peptide list was well covered over all 10 time points,
ranging from 10 s to 2 h, and identical for samples prepared with inhibitors.

The percent exchange at 2 h for samples of h15-LOX-2 alone is mapped onto the crystal
structure of 15-LOX-28 (Figure 4A) that was solved with a substrate mimic, C8E4, in the
active site. The general trend in this HDX heat map is comparable to that reported from the
Armstrong lab.*? Of note is the exchange behavior of helix-a.2, a peptide which restricts
the substrate entrance portal and whose flexibility has been implicated to play an important
regulatory role in substrate binding in LOXs.20. 40,42, 43

Peptide 184-191 (and its overlapping counterparts) is located in the central region of helix
a2 and flanked by peptides 173-184 (Figure 4B, chartreuse) and 192-206 (Figure 4B,
salmon). All three peptides are highly exchanged (= 80%) at 2 h (Figure 4A and 4B).
Considering the variability in protein handling, mass spectrometry instrumentation used, and
potential differences in buffer preparation, the exchange properties of this helix a2 reported
in Droege et a/*1 and herein are nearly identical (see Supporting Information, Figure
S14A). Further, to corroborate our h15-LOX-2 HDX properties, we conducted HDX-MS

of h15-LOX-2 isolated from insect cell (SF9) cultures and compared them to the HDX-

MS results for h15-LOX-2 isolated from E. coli cultures. Exchange properties are nearly
superimposable including helix a2 (Figure S14B). The observed elevated exchange behavior
for a crystallographically resolved alpha-helical peptide is comparable to that described for
the model 15-lipoxygenase from plants, SLO-1 (Figure S15).30: 40

One notable distinction between h15-LOX-2 and SLO-1 is the general increase in the
exchange of the N-terminal PLAT domain with an average 10% higher overall extent of
exchange for 15-LOX-2 (Figure S15). In addition, the linker peptide between the PLAT and
catalytic domains, 117-134, in h15-LOX-2 exhibits a significantly higher exchange (87%
at 2 h) compared to the corresponding peptide in SLO-1 of ca. 45 % (residues 137-160).
The trend in these HDX properties of the PLAT domain is consistent with the previously
reported small-angle X-ray scattering (SAXS) experiments. SAXS data of rabbit 15-L OX-1
suggested high mobility of the PLAT domain, supporting a ‘rocking’ motion that has been
proposed to play a role in membrane binding.#4 4> Conversely, SAXS analysis of SLO-1
indicates no significant mobility of the PLAT domain.46

3.10 Impact of isozyme-selective inhibitors on h15-LOX-2 Hydrogen/Deuterium Exchange

properties

The addition of substrate arachidonic acid (AA) to h15-LOX-2 was previously found to
decrease the exchange behavior of peptide 185-191 (helix a2) at early time points (15-120
s) by as much as 20%.4! This was accompanied by a modest impact on the exchange
percentage at the arched helix that runs nearly parallel to helix a2 and lines the substrate-
binding site. This leads to the question of whether the inhibitors described herein might
influence regional protein flexibility of 15-LOX-2 and, if so, to what extent.
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For the current HDX study of h15-LOX-2, two inhibitors were selected, 536924 and
327069, that represented the two different chemotypes of this study. In the presence of
saturating concentration (20 pM) of 327069, two non-overlapping h15-LOX-2 peptides
(173-184 and 184-191) were associated with a significant reduction in exchange by as much
as 20% at short time scales (< 10 min). From the bi-exponential fits of the time-dependent
HDX traces (Figure 4C), the average rate constants for these peptides were found to be 2-
and 4-times slower in the presence of 327069. These trends were validated from analysis

of overlapping peptides in this region (Figure S16). This behavior is consistent with a
rigidification of regional protein motions and is the canonical HDX behavior reported for
protein inhibitors (see refs#”-50 for examples). The rigidification of helix a2 in the presence
of 327069 was also similar to the HDX behavior previously characterized at short time
scales for the presence of AA.41 Conversely, within the dynamic range of the experiment
employed, HDX samples of h15-LOX-2 prepared with 536924 showed no significant
exchange differences to samples with 15-LOX-2 alone (cf. Figure 4C, black and gray
traces). The difference in HDX behavior observed here for the two different h15-LOX-2
inhibitors can be attributed to the nearly 10-fold enhanced inhibition of 327069 (ICgg = 0.34
UM) over 536924 (ICsq = 3.1 uM). The observation that the more potent inhibitor resulted in
the structural rigidification of h15-LOX-2 helix a2 underscores the utility of HDX-MS as a
powerful, high-throughput method for screening h15-LOX-2 inhibitors.

Droege et al. previously reported notable decreased HDX-MS behavior for h15-LOX-2
peptides in the PLAT domain, namely 45-52, 54-66, and 67-86 with the addition of the AA
substrate.#1 However, from our data even under saturating inhibitor concentrations, there is
no significant effect on the apparent HDX rate in this region between the samples in the
presence and absence of either inhibitor (Supporting Information, HDX traces). Note that at
long time points, the inhibitors cause a slight increase in the extent of exchange, including
peptide 45-53. Because this is only observed at longer time points, we attribute this effect to
a possible regional dependent destabilization of the protein structure in the presence of the
inhibitors.

This distinction between the exchange behavior reported for AA and that described for

the inhibitors described herein could be catalytically significant. Note that during the
15-120 second exchange experiment with AA 41 the substrate will be converted to 15-
HpETE. While not fully resolved for h15-LOX-2, conformational changes are expected to
accompany substrate binding, turnover, and product release.®! Further, AA could potentially
bind at an allosteric site in h15-LOX-2 and elicit altered protein conformational ensembles.
The substrate selectivity of h15-LOX-2 has been shown to be influenced by allosteric
effectors, including 135-HODE, an enzymatic product from the reaction of h15-LOX-1 with
linoleic acid.>2 Allosteric effects in the HDX behavior have also been detected in the PLAT
domain of SLO-1 when using the SLO-1 allosteric effector, oleyl sulfate.*® Future HDX-MS
studies will be aimed at resolving the effects of the interactions of selective allosteric
modulators that target h15-LOX-2.
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Inhibition of h15-LOX-2 in HEK293T cells

A key aspect of any inhibitor that will be used as a tool to investigate the biological
relevancy of h15-LOX-2 is its efficacy in a cellular model. Currently, there are no potent/
specific inhibitors against h15-LOX-2 which are effective in the cellular milieu. Our h15-
LOX-2 inhibitors of this work and our previous work,20 were therefore tested in HEK293T
cells expressing h15-LOX-2 to inhibit LOX activity and reduce 15-HETE production. The
majority of these inhibitors, 327069, 327206 and 536924, demonstrated ECsq values of
approximately 1 pM (Table 6, Supporting Information, Figure S17), which is consistent with
their in vitro 1Csq values (Table 2). 327186, however, manifested weaker potency, with an
approximate ECsq of ca. 30 UM. It is unclear why 327186 is less potent, but it could be

due to increased cellular inactivation or decreased cell penetration. Nonetheless, these data
demonstrate that this class of inhibitors can penetrate the cell and inhibit the oxygenation

of free, exogenous AA. Additionally, these inhibitors were non-toxic, since cells continued
to grow at the same rate as their DMSO controls after treatment with 10 uM of all four
inhibitors, confirming them as viable ex vivotools for examining the activity of h15-LOX-2.

Conclusions

In summary, we have discovered three inhibitors of h15-LOX-2, 327069, 327186, and
327206, that are potent and highly selective against h15-LOX-2 over other human LOX
isozymes. They are mixed-type inhibitors and non-reductive, similar to our previously
published h15-LOX-2 inhibitors, 545091 and 536924. Importantly, they all perform as
potent inhibitors in our HEK293 cell-based assay, indicating their novelty as useful
chemical tools for biological activity assays and their potential to help further delineate

the role of h15-LOX-2 in particular human disease models. In addition, our structural and
computational data indicate that all five inhibitors bind in the U-shaped channel in similar
binding poses (Figure 5). The HDX results support a similar binding mode between 536924
and 327069, with the latter restricting protein motion of helix-a.2 more robustly, consistent
with its greater potency. Given these results, we designed, docked, and synthesized novel
inhibitors and confirmed our binding mode hypothesis. As such, we have discovered a suite
of similar chemotypes that target h15-LOX-2 both /n vitro and ex vivo and we are further
developing them as h15-LOX-2 therapeutic agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of known h15-LOX-2 inhibitors.
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(a) 327206

(b) 327069

(c) 327186

Figure 2.

Docking pose of ligands bound to h15-LOX-2 (a) 3272086, (b) 327069, (c) 327186, (d)

Page 22

536924, (e) 545091. Carbon atoms of the ligands are shown in cyan color and the protein
is shown in grey color. Nitrogen, oxygen, sulfur, fluorine, bromine and hydrogen atoms are
shown in blue, red, yellow, green, brown and white colors respectively and the metal ion is

shown in orange color.
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Figure 3. Inhibitor 536924 in the U-shaped channel.
Surface rendering in the cavities and pockets only mode from Pymol of chain A of the

15-LOX-2 LM structure (7laf.pdb) is shown in grey. The Mn2* is shown as purple sphere
and water molecule as red sphere. Inhibitor 536924 (C, pink) binds in the U-shaped channel
and interacts with the water that coordinates the 61 position of the metal.
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Figure 4.
HDX-MS properties of 15-LOX-2 isozyme-specific inhibitors. (A) HDX-MS behavior at

2 hand 25 °C of h15-LOX-2 peptides in the absence of an inhibitor is mapped onto the
crystal structure (PDB entry, 4NRE). The coloring is defined by the spectrum bar. Black
coloring represents uncovered regions. The PLAT domain is highlighted by cyan outline and
the helix a2 is highlighted by the green box. (B, C) presents the impact of isozyme selective
inhibitors, 53692420 and 327069, on the HDX-MS properties of 15-LOX-2. The effect is
localized to the helix a2 of 15-LOX-2 and the peptides are colored as follows: chartreuse,
173-184; marine, 184-191; and salmon, 192-206. Additionally, overlapping peptides are
presented in the SI HDX traces pdf.
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Figure 5.
Docking comparison of 536924 bound to h15-LOX-2, crystal structure (green) and docking

model (pink).
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Scheme 1.
Synthesis of h15-LOX-2 inhibitor derivatives, 1-3.
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Table 1.

Real-space correlation coefficients and occupancies.

Ligand Real-space correlation Occupancy
coefficients
536924 (chain A) 0.89 (chain B) 0.89 | (chain A) 0.65 (chain B) 0.70

536924 (flipped)

(chain A) 0.83 (chain B) 0.89

(chain A) 0.68 (chain B) 0.75

545091

(chain A) 0.79 (chain B) 0.82

(chain A) 0.68 (chain B) 0.73

545091 (flipped)

(chain A) 0.75 (chain B) 0.78

(chain A) 0.66 (chain B) 0.70

Bioorg Med Chem. Author manuscript; available in PMC 2022 January 24.

Page 27



Tsai et al. Page 28

Table 2.

ICgq values for the newly discovered inhibitors targeting h15-LOX-2 with error in parentheses. All

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

experiments were conducted in duplicate and with 10 uM AA.

s 1Cso (LM)
Inhibitor Structure
(SD (uM))
MLS000545091 ~ (545091) 2.6 (0.4)
0
W
N
Cl
MLS000536924 * (536924) 3.1(0.4)
]
)=
N
NN
ML.S000327069 (327069) R ¢ | 034(005)
VO*F
N___\_,\/S
g/.q@
MLS000327186 (327186) \/O/ar 0.53 (0.04)
N%S
Q/N\O
MLS000327206 (327206) 0.87 (0.06)

*
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The equilibrium constant of dissociation from the catalytic (Kjc) and secondary (Kj,) sites extracted from

Dixon plots and Dixon replots of h15-LOX-2 and 545091, 536924, 327069, 327186, and 327206.

Inhibitor | Kjc (uM) Kiy (M)
sas001 @ | 09004) [ 99007
536024 2 | 25057 | VA
327069 | 070 0.07) | 1.2 (0.9)
327186 | 0.80 (0.05) | 4.0 3)
327206 | 0.90 0.04) | 3.4 ()

aPrevioust publishedzo.

b536924 displayed competitive inhibition.
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Table 4.

Full ICgq experiments were performed with h15-LOX-2, while for the other oxygenases the 1Csq values were
estimated at 25 pM inhibitor concentration. Inhibition that was less than 15% and less than 30% at 25 uM are
estimated to have ICgq values of > 100 UM and > 50 pM, respectively. All experiments were done in duplicate,
and all assays were performed with 10 uM AA except for the cyclooxygenases which were conducted at 100
UM AA. The values are in units of micromolar with error displayed in the parentheses.

h15- h15- hi2- h5- m15- COX- | COX-

Lox2 | Lox-1 | Lox | Lox | Lox2| 1 2 | Redox

Inhibitors

327069 0.34 (0.05) >50 >100 | >100 >50 >100 | >100 No

327186 0.53 (0.04) >50 >100 | >100 >50 >100 | >100 No

327206 0.87 (0.06) >50 >100 | >100 >50 >100 | >100 No
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Docking scores of h15-LOX-2 ligands docked to h15-LOX-2 crystal structure (pdb id: 4nre).

Table 5.

Compound gclé)drg SP Docking l\RAel}g_t?\B/Eiﬁding energy (kcal/mol) T(ligola?l\il()z
327069 -8.1 3.23 0.34
327186 -7.8 6.83 0.53
327206 -8.2 12.35 0.87
545091 -7.0 29.76 2.6

536924 =17.7 20.10 3.1

Bioorg Med Chem. Author manuscript; available in PMC 2022 January 24.

Page 31



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Tsai et al.

Table 6.

ECsq values determined in h15-LOX-2/HEK293T cells.

Inhibitor | ECgo (UM)
536924 0.60 (0.1)
327069 0.75 (0.2)
327186 31 (6)
327206 1.3(0.3)
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